The behavior of hydrogen neutral particles in and around the ergodic layer of Large Helical Device plasmas has been investigated through Hα emission spectral line profiles using plasma polarization spectroscopy (PPS). The PPS technique enables us to quantitatively evaluate emission locations, atomic temperatures and velocity components along the line-of-sight (LOS) for both inner and outer peripheral regions. The emission locations and the LOS components of atomic velocities are determined by varying the magnetic field axis R ax from 3.60 m to 4.00 m, shot by shot. The high intensity region of Hα emissions is localized in the inner ergodic layer for the inward configuration. With an increase in R ax , the high intensity region of Hα emission moves outward.
Introduction
For next-generation nuclear fusion reactors such as ITER [1] , hydrogen recycling from the peripheral plasma is one of the key issues responsible for controlling fueling into and pumping from magnetically confined fusion plasmas. The edge, scrape-off-layer (SOL) and divertor area of the plasmas are known to significantly influence core plasma confinement and vice versa [2] . As a result, the knowledge of atomic and molecular processes in the SOL and divertor regions has become more important.
In order to measure tritium recycling in the Tokamak Fusion Test Reactor (TFTR) plasma, Tα, Dα and Hα were monitored at a high wavelength resolution using a FabryPerot interferometer [3, 4] . In order to observe the inboard toroidal limiter, a polarization filter was placed in front of the telescope lens and oriented to transmit only the unshifted π component. Regarding dissociation products in the 10 eV ∼ 100 eV atomic temperature range, there were some inconsistencies between the observed and simulated spectra as calculated using the neutral Monte-Carlo code DEGAS [3] .
Spectral profiles of the Dα line from the divertor region of the JT-60U have been observed with a highresolution spectrometer and analyzed through simulations using a three-dimensional neutral particle transport author's e-mail: iwamae.atsushi@jaea.go.jp a) present address: Fusion Research and Development Directorate, Japan Atomic Energy Agency, Naka, Ibaraki 311-0193, Japan code [5, 6] . Narrow and broad components make up the spectral profile. The profiles indicate that the narrow component arises as a result of dissociative excitation and electron collisional excitation of atoms produced by dissociation, while the broad component is attributed to the electron collisional excitation of atoms produced by reflection and charge exchange.
The spectral profiles of He i have been observed for Large Helical Device (LHD) plasmas using a high resolution spectrometer [7] . Through the Zeeman splitting of the He i spectra, the location of the emissions has been well identified on a map of the poloidal cross section as being just outside the region of the ergodic layer where the magnetic field line structure is chaotic (Fig. 1 in Ref. [7] ). On the other hand for the Hα emission from the LHD plasma, it is difficult to apply the same technique to identify the emission location because of the broadening of the spectral line profile. The plasma polarization spectroscopy (PPS) technique [8] is applied to identify the Hα emission, since the magnetic field directions are different for the inner and outer poloidal LHD plasma. The π and σ Zeeman polarization components provide additional information to identify the emission location of the hydrogen atoms, their temperatures and the line-of-sight (LOS) components of atomic velocities. The polarization separated Hα profiles are interpreted as superpositions of Zeeman profiles at the two locations of the different magnetic field strengths near the equatorial plane (Ref. [9] and references therein). The be- Table 1 . The sum of the inner, outer, and charge exchange intensity components are indicated in the right-hand boxes.
havior of neutral particles in the plasma periphery has been investigated by a three-dimensional neutral particle transport simulation code (EIRENE for LHD [10] ), which assumes that the distribution of the plasma flow onto the divertor plates corresponds to the strike points calculated by magnetic field line traces. In this experiment, we have increased the number of LOS equipped with polarization separation optics to cover the poloidal cross section of the plasma in order to map the emission locations at its cross section. We have analyzed the Hα emissions from LHD plasmas, wherein the magnetic field axis R ax has been varied from 3.6 m to 4.0 m, shot by shot.
Experimental Setup
LHD with the parameters R/a = 3.6 m/0.64 m, B t ≤ 3 T, and V p = 30 m 3 [11] , is characterized by ergodic layers, a stochastic magnetic field surrounding the core plasma. Figure 1 shows the plot of the magnetic field lines for R ax = 3.60 m, 3.70 m, 3.80 m, 3.90 m and 4.00 m at the observed poloidal cross section from the observation port. Table 1 indicates the corresponding colors of the length of the magnetic field lines in the ergodic layer. The thickness of the ergodic layer typically varies from 20 mm to 300 mm, primarily depending on the poloidal angle and the position of the magnetic axis which varied from 3.5 m to 4.1 m. We used the "LHD_Line_of_Force.exe" [12] computer code to plot magnetic field lines.
We observed LHD plasmas initiated by two of three electron cyclotron heating (ECH) beams of 82.7 GHz, 84 GHz and/or 168 GHz, respectively. From 0.30 s, the plasmas were mainly sustained by three neutral beam injections (NBIs). The ECH beams were stopped at 0.50 s at the latest. We measured the polarization separated Hα line profiles while varying the magnetic axis R ax of the NBI-heated plasmas to 3.60 m, 3.70 m, 3.80 m, 3.90 m and 4.00 m, shot by shot. Hydrogen emissions in the LHD plasma were observed from one of the spectroscopic observation ports (Fig. 3 in Ref. [9] ). The eight horizontal viewing LOS cover the poloidal cross section of the plasmas as shown in Fig. 1 . The cross section of the plasma is elongated in the major radius direction. The magnetic field B may be determined mainly by the current flowing Ref. [9] ). The strength and direction of the magnetic field along each viewing chord is well-defined for each LOS. Table 2 shows the height Z and polarization direction angle α of each LOS. The definition of the magnetic field vector (|B|, θ, φ) and the polarization components parallel to the direction of α and perpendicular to α − 90
• is presented ( Fig. 7 in Ref. [9] ). Hα line emissions were resolved into two orthogonally polarized components by the polarization separation optical system. We used beam-splitting Glan-Thompson polarizers for LOS 1, 2, 4, 6 and 7, and Glan-Taylor polarizers for LOS 3, 5 and 8 ( Fig. 4 in Ref. [9] ). Each of the linearly polarized extraordinary (e-)rays and ordinary (o-)rays was focused by a lens onto the input of an optical fiber having a 400 μm core diameter. Each fiber was connected to another optical fiber, a few hundred meters in length, to transmit the light to the diagnostics room. The transmitted light was dispersed by an aberrationcorrected Czerny-Turner spectrometer ( f = 1 m) equipped with a 2400 grooves/mm grating and recorded with a charge-coupled device (CCD: 1024×1024 of 13 μm square pixels). The linear dispersion of the spectrometer was 0.00281 nm/pixel (0.216 nm/mm) at the wavelength λ = 656.28 nm in the first order. Non-appreciable emission lines were found in the observed wavelength regions of the second and third orders. For a wavelength reference, we used a Th-Ar hollow cathode lamp [13] . The inner wall of the vacuum vessel opposite the observation port was covered by stainless steel tiles, which were sandblasted to reduce direct reflection [14] . For the observation of the plasmas of R ax = 3.60 m and 4.00 m, the exposure and repetition times were 150 ms and 251.6 ms, respectively, for the plasmas of R ax = 3.70 m, 3.80 m, and 3.90 m, the exposure and repetition times were 100 ms and 201.6 ms, respectively. Table 3 shows the magnetic axial position R ax , the toroidal magnetic field strength B t , the shot number for the measured shots, and the exposure times of the analyzed spectra in the shots. We chose similar conditions for the plasmas, where three NBIs were injected at a power of around 12 MW, and the plasma densities were constant at around n e = 1 × 10 19 m −3 . The central ion temperatures ranged from 0.5 to 1.2 keV. The emission locations of Hα are expected in the SOL and divertor plasma, where the electron temperature is less than 100 eV. Figure 2 depicts examples of the observed spectra from LOS 1 to 8 for the plasma of R ax = 3.80 m using filled and open circles. The upper and lower frames show the polarization-separated spectra for the linearly polarized components, with the angles α − 90
• and α, respectively.
The least-square-fitted spectra are plotted in solid black curves. The π-and σ-light components from inner emission points are plotted in solid red and blue curves, while the components from the outer emission points are plotted in dashed red and blue curves, respectively. The charge exchange components have broad spectral profiles, plotted in dotted green curves. Figure 2 (a)-(h) shows that, generally speaking, the middle spectral peak of the lower frame is shifted slightly towards the longer wavelength, while the middle spectral peak of the upper frame is shifted slightly towards the shorter wavelength. These peak shifts show that atoms that emit Hα light move from the periphery into the core plasma [9] . It can be deduced from the peak shown in the lower frame that the spectrum consists of the π dominant component of Hα emitted by the atoms in the exterior region of emissions, which moves away from the observer, and the σ dominant component in the interior region of emissions; while in the upper frame, the spectra consists of the π dominant component emitted by the atoms in the interior region of emissions, which moves toward the observer, and the σ dominant component in the exterior region of emissions.
Results and Discussion
The Hα line consists of 48 allowed and 6 ΔJ-forbidden fine-structure components (18π and 30σ allowed, 2π and 4σ ΔJ forbidden). The corresponding line strengths and line shifts of the fine structure Zeeman components were taken into account in the fitting procedure. Section III of Ref. [9] describes the details regarding the method of analysis of the polarization-separated Zeeman Hα spectra. We assumed that there were two regions of emissions on each LOS. Magnetic field vectors B were the fitting parameters of the emission regions, R in and R out . It was assumed that in each region there were cold and warm hydrogen atomic components. A hot component emitting at the inner and/or outer region, which was unable to resolve by the Zeeman profile, gave broad Gaussian profiles beneath each spectra. These atomic temperatures of cold, warm and hot atomic components and spectral intensities were also used as fitting parameters.
Examples of the least-squares fit of the observed spectra with the above assumptions are shown in Fig. 2 with solid curves. The fitted results accord well with the exper-032-5 imentally observed spectra. Table 4 summarizes the fitted parameters from LOS 1 to LOS 8.
Temperatures of the cold atom components are ≤ 0.76 eV, while temperatures of the warm atom components range primarily from 1 eV to 15 eV. Temperatures of the hot atom components, produced by the charge exchange, range from 40 eV to 170 eV. When we compared the intensity contribution of the cold temperature components to that of the warm temperature components, we found that, overall, the warm components are dominant or comparable to the cold components. Except for LOS 1 and 8, the inner and outer components move either toward the observer or from the periphery to the core plasma with a velocity of 2.4 km/s ∼ 5 km/s and 0.07 km/s ∼ 2.3 km/s, respectively, along the LOS.
A spatial extent of the emission region could make the σ ± components broader than the π components. The present Hα profiles are complicated; however, we did not 032-6
clearly observe the broadening of the σ ± components. A variation of magnetic field strength of 0.05 T makes noticeable change on the spectral profiles. This limited the extent of the emission region and the uncertainty of the fitted emission locations, R in and R out which corresponded to a difference of ≤ ±0.05 m. Figure 1 (c) shows the fitting results for R ax = 3.80 m. Emission intensity is plotted on the poloidal cross section from the fitted results. The area of the red circle is proportional to the sum of the intensity of emissions from both the cold and warm components.
It is unobvious whether this polarization separation technique is applicable for the upper or lower poloidal cross section, since the difference in the emission locations is expected to be closer. In addition there is a possibility that the emission locations are three points. Table 4 shows that one of the emission locations on LOS 8 is fitted at R = 4.78 m, where it seems like there is neither SOL nor divertor plasma around ( Fig. 1 (c) ). There is the emission contribution to the spectral profiles from the inner (R ∼ 3.6 m), the outer (R ∼ 3.9 m) and the outer divetor leg (R ∼ 5.2 m). It is unable to distinguish among these three locations from the fitting. This LOS 8 fitting shows the limitation of the polarization separation observation technique. The outer divertor leg is close to the divertor plate.
For the temperatures of the cold and warm atomic components, T a , the fitting numerical uncertainty was on a relatively low order of 0.01 eV. However, we assumed that the warm component was attributed to atoms dissociated from hydrogen molecules (e + H 2 → e + 2H(1s), 3 eV), those from hydrogen molecule ions (e + H + 2 → e+ H + + H(1s), 4.3 eV), those due to dissociative excitation of hydrogen molecules (e + H 2 → e + H(1s) + H(n = 3), 7.0 eV), or those from hydrogen molecule ions: (e + H + 2 → e + H + + H(n = 2, 3), 1.5 eV). If this is the case, the profile should be different from the simple Gaussian shape assumed in the present fitting.
It is suggested that the hot component ranging from 39 eV to 170 eV is due to the charge exchange recombination and wall reflection [5, 6] . The inward velocities for hydrogen atoms are parameter sensitive to the peak position of π components. The fitting numerical uncertainty is as low as 0.01 km s −1 . However, here, we assumed that the cold and warm components had the same inward velocity in order to converge the fitting procedure. If this is not the case, we should separate the velocity components for the cold and warm components, as carried out in Ref. [9] , where we exclude fine structure splittings. There is a factor of 2.5 on v LOS parameters for cold and warm components. For the other magnetic axial confinements, the same fitting procedures with the observed spectra have been carried out, and the results are plotted in Fig. 1 . When the null point is far from the wall, the emission is located in the ergodic layer and the inward velocity is high. As the null point is closer to the wall, the emission outside of the ergodic layer increases and the velocity in the outside area is low. For an inward magnetic axis configuration in Fig. 1 (a) R ax = 3.60 m, the emission region surrounds the last closed flux surface (LCFS) and is located close to a stochastic region. The high emission intensity region is located along the inner X-point region. As the confined magnetic axis increases, the emission intensity of the outer region increases. For the outward configuration in Fig. 1 (d) R ax = 3.90 m and (e) R ax = 4.00 m, the emission locations accord well along the inner divertor leg. The velocity components along the LOS are directed toward the central plasmas.
Summary
We have observed polarization separation Hα emission from the LHD plasmas. Multi-chordal observation is carried out for the different magnetic axes R ax = 3.60 m, 3.70 m, 3.80 m, 3.90 m, and 4.00 m, respectively. We are able to deduce quantitative information from multi-code observations of the polarization separation spectra, i.e., emission intensities, locations, atomic temperatures and the LOS components of the velocities, via the simultaneous least-square fitting procedure to the orthogonal polarization components observed on a single LOS. The reconstructed Hα emission plots on the poloidal cross section well describe the intensity distribution in the peripheral plasmas.
